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Post traumatic osteoarthritis is a known complication following anterior cruciate ligament 
reconstruction (ACLR) and is associated with changes of articular cartilage structure. This study 
was conducted to investigate the relationship between articular cartilage geometry and knee 
strength deficits of individuals four years following ACLR in a sex-specific manner. A cohort of 
individuals that suffered an anterior cruciate ligament injury and surgical reconstruction with a 
bone-patella tendon-bone autograft underwent Magnetic Resonance Imaging and thigh muscle 
strength testing at a four year follow up time point. Cartilage thickness and thigh muscle strength 
differences were analyzed through comparison of the injured limb to the uninjured limb. This 
study revealed that the magnitudes (area and volume) and location of the region of articular 
cartilage change about the patella and femur were different between male and female subjects, 
demonstrating the need for sex-specific analysis of the patellofemoral joint articular cartilage. 
Significant differences between male and female cartilage structure were seen in the female 
patellas and femurs. No significant differences between cases and controls were seen for male 
patellas or femurs. 
  
Literature Review  
The extensor mechanism of the knee includes the Quadriceps muscles which combine 
with the quadriceps femoris tendon inserting into the superior pole of the patella, the patella, 
patella tendon, and the patellofemoral joint34. During knee extension, the Quadriceps muscles 
contract, developing a force on the patella and patellar tendon. In turn, the patella articulates 
against the femoral articular cartilage and acts as both a spacer and lever of the extensor 
mechanism creating shear forces, compressive forces, and inter-segmental moments across the 
knee34. The patellofemoral joint is the biomechanical center of this mechanism, and therefore it 
is important to understand the relationship between articular cartilage thickness changes (one of 
the hallmarks of post traumatic osteoarthritis) and strength of the Quadriceps muscles (a primary 
assessment of a patient’s knee neuromuscular function). As bone-patellar tendon-bone autografts 
are frequently used to reconstruct torn ACLs, there is a need to understand how the graft donor 
site affects the patellofemoral joint as well as subject function. This is an important concern 
because many post-op rehabilitation programs focus on return to pre-participation activity level 
based on restoring thigh muscle strength; it is essential that research focus on this measurement 
as well as factors such as articular cartilage that may have a relationship with this outcome. 
It is expected that 50% of individuals who undergo surgical reconstruction of the ACL 
will demonstrate signs of post traumatic osteoarthritis (PTOA) within the first 10-20 years after 
surgery6,18. The majority of these individuals range between 15-25 years of age, which is much 
younger than those afflicted with primary Osteoarthritis (OA) (ages 50-70)2,18. PTOA is a 
clinical concern as there is not cure for PTOA and joint replacement is not an option for 
individuals in the second and third decades of life. OA is the leading cause of mobility-related 
disability in adults within the U.S., and it is important that more research be done regarding 
changes in articular cartilage thickness and the broader effects of these changes26. 
           Physical signs of PTOA occur soon after ACL injury and surgical reconstruction, but 
subjects typically seek care and are diagnosed with this disease many years after the index injury, 
when symptoms begin to occur6,7,33. Prior reports have studied PTOA of the tibiofemoral joint 
using image-based measurement techniques such as radiographs or Magnetic Resonance Imaging 
(MRI), and have revealed that the articular cartilage thickness on the tibia is altered in the first 
years after ACL reconstruction10,11,20,24,32. One study by Thorhauer et al revealed that tibial 
articular cartilage undergoes a decrease in thickness between 5% and 10% of its normal value in 
the first 2 years following the injury27. This represents a substantial magnitude of change and can 
alter the lifestyle, activity, and function of individuals who undergo an ACL reconstruction 
(ACLR). Other studies using both radiographic and MRI techniques support the conclusion that 
articular cartilage thickness changes following ACLR. Recently, studies have revealed specific 
regions where the largest magnitude of change occurs, including the patellofemoral joint16,20,24. 
As such, it is necessary to add to the literature surrounding thickness changes of patellofemoral 
articular cartilage and the effect these changes have on patient strength, function, and quality of 
life. 
           Prior reports have focused on understanding the relationship between changes in articular 
cartilage thickness about the knee joint and patient function finding overall trends of decreased 
function associated with increases in morphological changes5,20,21,25,28. One study found that for 
each point increase in the Outerbridge Score, (advancement of cartilage deterioration and 
change) associated with the progression of PTOA, for the medial femoral condyle, the subject’s 
IKDC (International Knee Documentation Committee) score would decrease by 13 points5,20. In 
addition, an increase in the Outerbridge Score for the subject’s medial tibial plateau was 
associated with a 2.4 point decrease in a subject’s activity level5,20. Work conducted at our 
institution has focused on the relationship between radiographic measures of tibiofemoral joint 
space width and thigh muscle strength in patients 4 years after ACLR28. This revealed that 
dramatic strength deficits were present soon after injury in those with a significantly narrowed 
tibiofemoral joint space width persisting up to 4 years following reconstruction28. These results 
demonstrate the rapid physical changes in the knee post ACLR as well as the effects these 
changes have on an individual’s function and quality of life.  
A series of studies have reported a direct relationship between morphological changes 
about the knee, such as joint space width and radiographic findings, and thigh muscle strength 
deficits15,28. Tourville et al analyzed the relationship between tibiofemoral joint space width 
changes in a population that experienced an ACL injury with no previous knee trauma, and thigh 
muscles strength at a 4 year follow up28. They determined that while individuals with 
significantly narrowed joint spaces as well as those with normal joint space widths regained 
strength at the same rate over time, those that experienced a more significant joint space width 
narrowing had larger overall thigh muscle strength deficits at the 4 year follow up when 
compared to baseline strength data28. In a recent study that focused on the incidence of 
patellofemoral joint OA via radiographic assessments 5-9 years post ACL reconstruction, it was 
found that of the 100 subjects, 47 (47%) showed signs of PTOA in the patellofemoral joint15. In 
those with severe patellofemoral osteoarthritis, defined as having radiographic findings (i.e. 
osteophytes, cysts, and/or flattening of th condyles), joint space narrowing, and patellofemoral 
joint space of 2mm or less, there was a 26% strength deficit in peak isokinetic knee extension 
torque at 60 degree/second as well as a 6% flexion torque deficit when compared to the 
contralateral leg15. Significant peak knee extension torque deficits were found in individuals with 
all levels of PTOA (mild, moderate, severe) and the level of severity demonstrated a direct 
relationship with knee extension torque deficit15.  These findings directly relate to the issue at 
hand and, although radiographs and joint space narrowing were used as determination of 
cartilage change, support the hypothesis that there is a direct relationship between magnitude of 
change in the articular cartilage morphometry of the patellofemoral joint and magnitude of 
isokinetic knee extension strength deficits. 
Jungmann et al reported a study that looked more directly at the muscle content of 
individuals post ACL injury and rehabilitation in anticipation of finding a relationship with 
cartilage morphology changes16. They found that in individuals who had torn their ACL and 
underwent surgical reconstruction, those with higher muscle cross sectional areas had lower 
Whole-Organ Magnetic Resonance Imaging Score (WORMS) scores, a scoring system that 
measures morphological changes in the entire joint such as cartilage lesions, bone cysts, 
osteophytes, etc.16. This demonstrated that a larger amount of muscle fibers in a cross-sectional 
area correlated with decreased signs of OA and disability, suggesting a relationship between 
strength and signs of OA. Extension strength, more than other strength measurements, had the 
strongest correlation with better outcome scores. These results emphasize the concept that 
strength outcomes are related to structural changes within the articular cartilage of the knee joint 
following ACLR.  
A study that followed subjects one year after ACLR with both MRIs and radiographs of 
the knee looked to determine prevalence of this disease found changes associated with PTOA.  
The study revealed that the prevalence of this disease differed significantly when using MRIs 
versus radiographs as a diagnostic measure6. Of 111 case subjects, 34 (31%) were determined to 
have MRI-based PTOA while 9 (8%) subjects had radiograph-based PTOA6. This finding is 
important as both MRIs and radiographs are used to assess joint health and measure changes to 
joints. It is important to appreciate that there are differences between the techniques when 
determining presence and severity of OA. Physical changes were found in both the tibiofemoral 
and patellofemoral joint and a secondary analysis of this study was completed to determine the 
ability of MRI OA features to predict lower KOOS (Knee Osteoarthritis Outcome Score) scores 
at 3 years post ACLR7. Significant predictors included articular cartilage lesions in the 
patellofemoral joint and the inability to complete at least 22 single leg raises on the affected leg7. 
These findings support investigating the patellofemoral joint cartilage as a predictor of a deficit 
following ACL injury and reconstruction as cartilage lesions in the patellofemoral joint were one 
of the only two significant predictors. The patellofemoral joint has not been studied as frequently 
as the tibiofemoral joint in relation to PTOA; however, it has an important place as a research 
topic. 
It is important to have a strong set of entry criteria associated with a study in order to 
allow for accurate inferences and comparisons in data trends. A series of studies have determined 
that having a meniscus tear at the time of injury or between baseline and follow up during a 
study, significantly increases the risk of PTOA1,6,17,18,22,31. Many studies previously conducted 
have not excluded those that suffered an injury to their meniscus at time of injury, therefore, it is 
impossible to determine if the cause of the PTOA, strength deficit, or other variable was caused 
directly by the ACL tear/reconstruction1, 22, 31. Our current study excludes those with major 
concomitant injuries as well as previous knee or joint trauma, allowing the ACL injury and 
surgical reconstruction to be the primary cause of change in the dependent variables of strength 
and outcome scores.  
Currently, there are few studies that use MRIs to determine presence and severity of 
PTOA even though there is evidence to support the capacity of MRIs to detect changes in 
articular cartilage before radiographs, which allows for earlier diagnosis and investigation of this 
disease6,9. MRIs are used to obtain a three-dimensional view rather than a 2D image, providing 
more details on the structure being studied9. Specifically for the knee, it allows separate 
assessment of the meniscus and articular cartilage when measuring cartilage thickness, providing 
a more accurate explanation regarding the cause of joint changes after injury and/or 
reconstruction. While MRIs do not replicate the weight bearing loads associated with standard 
radiographic examination of the knee, the increased detail and ability to separate out articular 
cartilage from other soft tissue structure makes them advantageous to use. In this study, MRIs 
are utilized in order to eliminate confounding variables, particularly soft tissue in the knee, and 
provide a clearer idea as to what, if anything, is causing strength deficits post ACLR. 
Tourville et al demonstrated that following ACL injury and reconstruction, individuals 
with differing tibiofemoral joint space widths recover different percentages of their initial thigh 
muscle strength28. This study illustrates that there is a clear connection between ACLR trauma 
and decreased strength of the thigh muscles that needs to be investigated further. The current 
study looks specifically at the patellofemoral joint using MRIs to determine if changes in 
articular cartilage of the patellofemoral joint are associated with strength deficits seen in the 
investigation reported by Tourville et al28. 
One of the major gaps in the literature is the absence of the patellofemoral joint as a 
research focus. Many studies of PTOA as a disease following ACL trauma and reconstruction 
have focused on the tibiofemoral joint as it is seen as the main joint of the knee and is the central 
focus of studies of primary OA. When looking at the factors that affect thigh muscle strength, it 
is important to consider the patellofemoral joint as it is the center of the knee extensor 
mechanism. Bone-patellar tendon-bone autografts are a common source of graft material, and its 
use has a direct effect on the patellofemoral joint. The objective of this study is to determine the 
role that changes in articular structure about the patellofemoral joint have on isokinetic thigh 
muscle strength (extensors and flexors) in order to fill knowledge gaps present in the literature.  
 
Methods: 
This study is a cross-sectional secondary analysis of data obtained from a longitudinal 
study that investigated the relationship between biochemical markers for type 2 collagen 
metabolism and the progression of PTOA30 as well as a longitudinal study assessing the 
relationship between isokinetic thigh muscle strength and tibiofemoral joint space width changes 
following ACL injury28. The original study included 39 unilateral, ACL-injured patients and 32 
matched controls28. Cartilage thickness data were collected via manual segmentation of axial and 
sagittal plane MRIs from a subset of the ACLR and control participants determined by ability to 
acquire an MRI. Limitations in acquisition included metal hardware and the interference 
associated with this hardware. Control participants were recruited from the surrounding area, 
matched based on sex, age, BMI, and activity level with the case subjects, and assessed at a 3 
year follow-up time interval (33 +- 6.6 months) for isokinetic thigh muscle strength and 
patellofemoral cartilage thickness. For the ACLR participants, the mean time interval between 
injury and surgical reconstruction was 70.1 days (range, 18-155 days) and baseline 
measurements were taken within 3 weeks of surgical reconstruction. All participants gave 
written informed consent before participation. The University Vermont institutional review 
board approved this protocol before patient involvement. 
Entry Criteria 
Entry criteria for both the ACLR and control groups are reported in detail in the original 
investigation28,30. Briefly, they included an age range from 14 to 55, having a body mass index 
between 18.5-30, and a Tegnar activity score of 5 or greater, indicating that they are active. Both 
ACLR and control participants underwent clinical examinations in order to confirm that they had 
no previous surgeries or medical histories relating to the knee or other joints as well as no 
radiographic evidence of fracture or osteoarthritis, no abnormal laxity of the collateral ligaments 
or posterior cruciate ligament, and no abnormal lower limb alignment. All subjects could have no 
more than ⅔ meniscectomy in either meniscus and no more than grade 3A (defined by the 
International Cartilage Repair Society criteria) articular cartilage lesions. All ACLR patients 
participated in a standardized, accelerated rehabilitation program after surgical reconstruction2. 
Control subjects had similar entry criteria; however, they reported no knee pain or physical 
dysfunction, defined by the Knee Osteoarthritis Outcome Score (KOOS) and subjective IKDC 
form. Control subjects also had no history of significant trauma to their joints. This was defined 
as requiring a physician’s referral and/or more than 3 days of modified activities of daily living. 
No abnormal findings were present in control subject’s clinical knee examination (IKDC).  
Surgical Procedure 
Two experienced sports medicine orthopaedic surgeons performed the ACLRs with 35 of 
39 (90%) of the cases performed using an autologous bone-patellar tendon-bone autograft. The 
other procedures were completed with bone-patellar tendon-bone allografts (3 of 39, 8%), and 
one (2%) was reconstructed with a 4-strand semitendinosus-gracillis autograft. The graft was 
tensioned at the time of fixation to reestablish the AP laxity of the contralateral, normal, knee (±1 
mm) in all cases. This was evaluated while the patient was under anesthesia with the KT-1000S 
arthrometer (MEDmetric Corporation, San Diego, California). 
Data Acquisition 
At the four year follow up for ACLR participants and the 3 year follow up for control 
participants, subjects underwent 3T MRIs (Phillips Achieva, Philips Healthcare, Best 
Netherlands) of both knees. These MRIs were used to confirm that the control subjects as well as 
the contralateral knees of the ACLR participants had no observable ligament, cartilage, or 
meniscus injuries or diseases. The participants in the current study were a subset of the original 
longitudinal study’s subjects with a smaller sample size due to the inability to read their MRI at 
the 4 year timepoint. Limitations in acquisition included interference on the MRI image 
produced by metal interference fit screw that was used to fix the graft. Manual segmentation of 
the MRI images were done on the patella for 22 (n=11 female) ACLR participants and 21 control 
subjects (11 female), and on the femur for 23 (n=13 female) ACLR participants and 10 control 
subjects (5 female). The subchondral bone margin and articular cartilage surface were segmented 
in both the axial and sagittal planes by four examiners. Separate meshes were obtained from the 
axial and sagittal data, and then these data were combined to form a 3D map of the bone and 
articular cartilage for the patella and femur of each knee. Bone and cartilage meshes were 
overlaid to create color-coded maps of cartilage thickness for the patella and femur. Cartilage 
thickness was defined as the shortest distance from the bone surface to cartilage surface at a 
location on a 1mm by 1mm grid (for the patella) and 1mm by 2 degree grid (for femur).  
A familiarization and training period was used to ensure accurate and reliable manual 
segmentations of the MRIs. This included training by an expert who had previously worked on 
segmentation of the femoral data as well as 4 weeks of practice segmentations in both the axial 
and sagittal planes. These practice trials were assessed by comparison with previous 
segmentations as well as through a MatLab program highlighting differences in the data acquired 
between the axial and sagittal plane data sets. Manual segmentations of the patella subchondral 
bone and articular cartilage surface were then acquired from 21 control subjects’ MRIs and 
edited for accuracy based on results generated from the MatLab program. Proton density 
weighted MRIs of the same patella were used as reference to structures in the knee. Segmented 
data of the case patellas, case femurs, and control femurs were previously retrieved.  
 Strength data were collected as part of the original longitudinal study investigating the 
relationship between radiographic measures of joint space width and isokinetic thigh strength28. 
ACLR and control participants underwent both flexion and extension thigh muscle isokinetic 
strength measurements at 4 and 3 year follow ups, respectively. Not all participants that were 
assessed using MRI underwent strength measurements. A subset of the original sample had both 
strength and MRI data collected, creating a group for analysis between strength differences and 
cartilage structure differences that included: 6 femur control comparisons (n=3 female), 15 
patella control comparisons (n=7 female), 19 patella case comparisons (n=10 female), and 20 
femur case comparisons (n=12 female). Tests were conducted at 60, 180, and 300 
degrees/second through 0-90 degrees of flexion while the subject was seated using a Biodex 
System 3 isokinetic dynamometer (Biodex Medical Systems, Shirley, New York). Participants 
were familiarized with submaximal trial repetitions and underwent a warm up period. Five 
repetitions were completed bilaterally with body weight-normalized peak torque measured for 
each motion. ACLR participants began with their uninjured leg and strong verbal encouragement 
was provided during each repetition.   
 
Reliability 
There is currently no reliability standard for cartilage thickness measurement on normal 
patellas, as such, two individuals manually segmented and edited MRIs on the patellas of the 
control subjects at two time points. Interrater and intrarater reliability was calculated and ranged 
between 0.83-0.99 and a mean of 0.95. Reliability was measured with a test-retest method with 
the largest side-to-side differences occurring in the superior region of the patella where the 
cartilage border can be difficult to identify. This is the insertion point for the patellar tendon 
where it is difficult to visualize the superior border of the cartilage and consequently this was the 
location of the largest interrater difference. The intrarater reliability at this point was sufficient, 
however the lower interrater reliability showed consistency at the superior pole. 
Statistical Analysis 
For both the patella and femur, cartilage thickness was calculated by subtracting the 
thickness values of the uninjured knee from the injured knee for cases, and the contralateral knee 
from the “injury-matched” knee for the control subjects. For the patella, this was done at each 
point on the 1mm by 1mm grid, and for the femur this was done at each point on the 1mm by 2 
degree grid. At each grid point of the control subjects, 95% confidence intervals were determined 
and then used in the analysis of cartilage structure differences from the ACLR subjects. The 
ACLR to contralateral, normal, knee differences data were analyzed as follows: area lower than 
the 95% CI of the control knees (lower area [mm2]), volume lower than the 95% CI of the 
control knees (lower volume [mm3]), area above the 95% CI of the control knees (upper area 
[mm2]), volume above the 95% CI of the control knees (upper volume [mm3]), total area outside 
of the 95% CI of the control knees (i.e. the total combined area above and below the 95% CI of 
the control knees, or Total Area [mm2]), and total volume change outside of the 95% CI of the 
control knees (i.e. the total combined absolute value of volume above and below the 95% CI of 
the control knees, or Total Volume [mm3]). For each subgroup of data (lower area, lower 
volume, upper area, upper volume, total area, total volume) an independent t-test was used to 
determine if there were statistically significant differences in cartilage thickness in the patella 
and femur joint 4 years after an ACL injury. Peak torque values at 60, 180, and 360 degrees/sec 
were measured and using the Pearson correlation coefficient, were compared to each patellar and 
femoral subgroup in both the case and control subjects in order to determine the relationship 
between articular cartilage change and strength values. Strength differences between control and 
case subjects were also analyzed with a non-paired two tailed t-test to determine significance. 
The alpha level was set a priori at 0.05 for all statistical analyses. 
Results 
Male Patella Cartilage Structure 
A summary of this data, including means and standard deviations, for the male control 
and case patellas can be found in Table 1 and Table 2. For the males patellas, the largest range of 
values is found in both the case and control subjects when looking at the total area of difference 
in thickness above the 95% CI. The mean value for the upper area of the control male patellas is 
233 mm2 (range 46-601, SD: 194) and for the male case patellas is 267 mm2 (range 97-599, SD: 
154). For males, the volume above the 95% CI was similar for both case and control patellas 
however, the case patellas have a larger mean volume of difference above the 95% CI with a 
value of 159 mm3 (range 28-520, SD: 145) versus the controls’ of 105 mm3 (range 14-348, SD: 
109). The total area and total volume of difference outside the 95% CI was similar for both the 
case and control male patellas. There are no significant differences between control and case 
patellas within the six outcomes of cartilage structure (lower area, lower volume, upper area, 
upper volume, total area, and total volume). Figures 1 and 2 present the mean side-to-side 
cartilage area and volume differences for all of the male control and case patellas. Red areas 
represent areas of increased cartilage thickness of the injured limb relative to the contralateral, 
uninjured limb, and blue areas represent decreased cartilage thickness in the injured limb 
compared to the uninjured limb. Figures representing the Standard Deviations, means, sample 
size, and upper and lower 95% Confidence Intervals for all patellas can be found in Figures 11A-
29A in the Appendix.  
Table 1. Summarized Data of Male Control Patella Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 








Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
C-04 306 -218 180 76 486 294
C-08 198 -95 46 14 244 209
C-10 265 -134 111 31 376 164
C-15 247 -194 108 40 355 234
C-17 425 -255 46 14 471 269
C-18 233 -142 178 75 411 217
C-19 4 -2 418 153 422 155
C-20 430 -306 162 71 592 377
C-27 163 -117 475 233 638 350
C-30 49 -40 601 348 650 388
Average 232 -150 233 105 465 256
Standard Deviation 139 94 194 109 131 97
Table 2. Summarized Data of Male Case Patella Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 
[mm2]), and total volume with difference outside the 95% CI of the control knees (total volume 
[mm3]). 
 
Figure 1. Mean Side-to-Side Difference of Cartilage Thickness for Male Control Patellas from a 
Dorsal View. Legend Bar presents data with units of mm. 
 
Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
I-00 82 -33 253 130 335 163
I-02 216 -107 97 28 313 135
I-05 325 -191 170 85 495 276
I-06 354 -249 138 79 492 328
I-14 203 -137 406 299 609 436
I-19 288 -143 143 63 431 206
I-27 118 -56 297 135 415 191
I-30 284 -200 258 86 542 286
I-31 200 -180 424 259 624 440
I-35 240 -167 156 64 396 231
I-38 38 -20 599 520 637 540
Average 213 -135 267 159 481 294
Standard Deviation 100 74 154 146 114 130
Figure 2. Mean Side-to-Side Difference of Cartilage Thickness for Male Case Patellas from a 
Dorsal View. Legend bar presents data with units of mm. 
 
Female Patella Cartilage Structure 
Data for the female control and case patella cartilage thickness differences are 
summarized in Tables 3 and 4. The case patellas’ area above the 95% CI (upper area) have a 
mean value of 414 mm2 (range 186-596, SD: 137) which is approximately two times larger than 
the control patellas whose mean value is 244 mm2 (range 83-411, SD: 98). The mean total area 
of the case patellas is 533 mm2 (range 399-748, SD: 106) with a mean total volume of 252 mm3 
(range 116-475, SD: 89). These values are similar to that of the control patellas with the mean 
total area being 487 mm2 (range 322-630, SD: 89) and the mean total volume being 254 mm3 
(range 127-402, SD: 89), respectively. Significant differences for the females patellas between 
the cases and controls are found in the lower area, lower volume, upper area and upper volume 
with p values of 0.01, 0.02, 0.01, and 0.03 respectively. The ratio between the cases and controls 
for the lower area is 0.49, the lower volume: 0.44, the upper area: 1.70, and the upper volume: 
2.02 (Table 5). Figure 5 presents the mean cartilage thickness differences for all male and female 
control and case patellas as well as the standard deviations of each mean. Figures 3 and 4 present 
the mean cartilage thickness differences for all of the female case and control patellas. The same 
convention that was used to present the data for the males was used to define increases and 
decreases in cartilage thickness within the color plots.  
Table 3. Summarized Data of Female Control Patella Side-to-Side Cartilage Structure 
Differences represented by area with difference below the 95% CI of control knees (lower area 
[mm2]), volume with difference below the  95% CI of control knees (lower volume [mm3]), area 
with difference above the 95% CI of control knees (upper area [mm2]), volume with difference 
above the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total 






Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
C-02 319 -234 311 167 630 402
C-03 169 -86 299 132 468 218
C-05 118 -66 369 127 487 193
C-07 58 -28 411 204 469 232
C-11 353 -203 201 88 554 292
C-12 113 -67 209 60 322 127
C-16 430 -330 83 41 513 371
C-21 381 -280 165 59 546 339
C-22 322 -182 243 84 565 265
C-25 220 -122 147 47 367 169
C-29 195 -98 246 83 441 181
Average 243 -154.000 244 99.000 487.000 254
Standard Deviation 124 98.000 98 52.000 89.000 89
Table 4. Summarized Data of Female Case Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 
















Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
I-01 98 -47 520 428 618 475
I-07 88 -39 417 119 505 159
I-12 37 -13 462 173 499 186
I-15 26 -11 596 372 622 383
I-21 229 -189 221 53 450 242
I-24 232 -119 186 61 418 180
I-25 127 -99 347 158 474 257
I-28 136 -60 375 180 511 240
I-32 84 -50 530 232 614 282
I-34 73 -37 326 80 399 116
I-37 178 -89 570 348 748 437
Average 119.00 -68.000 414 200.000 533.000 254.000
Standard Deviation 70.00 53.000 137 130.000 106.000 89.000
Figure 3. Mean Side-to-Side Difference of Cartilage Thickness for Female Control Patellas from 
















Figure 4. Mean Side-to-Side Difference of Cartilage Thickness for Female Case Patellas from a 
Dorsal View. Legend bar presents data with units of mm. 
 
Table 5. Calculated p values and Case to Control Ratios for Male and Female Patellas for 
subsections of analysis: area of difference below the 95% CI (lower area [mm2]), total volume of 
difference below the  95% CI (lower volume [mm3]), area of difference above the 95% CI (upper 
area [mm2]), total volume of difference above the 95% CI (upper volume [mm3]), total area 
outside of the 95% CI (tot area [mm2]), and total absolute difference of cartilage thickness (tot 







Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
Males
Non Paired T Test, 2 tailed with unequal variance 0.73 0.69 0.66 0.35 0.76 0.45
Ratio of Case over Control 0.92 0.9 1.15 1.51 1.03 1.150
Females
Non Paired T Test, 2 tailed with unequal variance 0.01 0.02 0.01 0.03 0.29 0.73
Ratio of Case over Control 0.49 0.44 1.7 2.02 1.09 1.060
Figure 5. Mean Side-to-Side Cartilage Structure Difference Values for Patellas of Case Males, 
Control Males, Case Females, and Control Females. Bars shown represent the mean magnitude 
of difference for areas (mm2) and volume (mm2) represented by the values of the y axis, and 
standard deviations represented by the error bars for each value. 
 
Male Femur Cartilage Structure 
 The control subjects have larger ranges of values than the cases, possibly due to a smaller 
sample size. The mean values for the total area of the control and case subjects have the largest 
difference with values of 868 mm2 (range 299-1442, SD: 435) and 766 mm2 (range 581-1023, 
SD: 140), respectively. The lower volume of cartilage differences for male controls and cases are 
the most similar with mean values of -216 mm3 (range -398 - -25, SD: 134) for the controls and -
183 mm3 (range -389 - -10, SD: 104) for the cases. However, there are no significant differences 
found between controls and cases for male femur values. Color plots of the mean side-to-side 
difference between injured and uninjured limbs for both control and case subjects are found in 
Figures 5 and 6. 
Table 6. Summarized Data of Male Control Femur Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 














Subject ID Lower Area Lower Volume Upper Area Upper Volume Total AreaTotal Volume
C-04 70 -25 229 541 299 80
C-08 433 -248 176 61 609 309
C-10 596 -230 846 339 1442 569
C-27 495 -175 552 146 1047 325
C-30 860 -398 81 51 941 450
Mean 491 -216 377 130 868 346
Standard Deviation 286 134 316 123 435 182
Table 7. Summarized Data of Male Case Femur Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 

















Subject ID Lower Area Lower Volume Upper Area Upper Volume Total AreaTotal Volume
I-00 426 -256 367 180 793 436
I-06 431 -229 226 83 657 313
I-06 411 -389 405 205 816 594
I-14 283 -128 313 125 596 253
I-19 27 -10 996 572 1023 582
I-29 331 -135 420 227 751 362
I-30 254 -119 500 245 754 363
I-31 524 -257 226 103 750 360
I-35 313 -136 268 149 581 286
I-38 271 -174 670 421 941 595
Mean 327 -183.000 439 231.000 766 414.000
Standard Deviation 136 104.000 238 153.000 140 131.000
Figure 5. Mean Side-to-Side Difference of Cartilage Thickness for Male Control Femurs. Legend 













Figure 6. Mean Side-to-Side Difference of Cartilage Thickness for Male Case Femurs. Legend 
bar presents data with units of mm.  
 
Female Femur Cartilage Structure 
 The mean values of cartilage differences for female subjects’ femurs have larger 
differences between the cases and controls than other structures. While the mean cartilage area 
difference for the lower area in control females is 210 mm2 (range 9-526, SD: 204), the mean 
lower area for case females is 409 mm2 (range 109-1067, SD: 267). This trend continued 
throughout all measurements with large differences in mean values presenting for upper volume, 
total area, and total volume. Significant differences in articular cartilage thickness difference 
occurred in measurements of upper volume (p=0.01), total area (p=0.05), and total volume 
(p=0.03). Figures 7 and 8 show the mean side-to-side differences of cartilage thickness for both 
controls and cases. The same convention that was used for the patellas to represent cartilage 
thickness as blue and red regions was used for the femurs.  
Table 8. Summarized Data of Female Control Femur Side-to-Side Cartilage Structure 
Differences represented by area with difference below the 95% CI of control knees (lower area 
[mm2]), volume with difference below the  95% CI of control knees (lower volume [mm3]), area 
with difference above the 95% CI of control knees (upper area [mm2]), volume with difference 
above the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total 
















Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
C-02 9 -3.000 631 257.000 640 260.000
C-03 102 -23.000 63 29.000 165 52.000
C-05 124 -18.000 30 10.000 154 28.000
C-25 290 -126.000 195 78.000 485 204.000
C-29 526 -242.000 48 19.000 574 261.000
Mean 210 -82 193 79 404 161
Standard Deviation 204 102 253 103 230 113
Table 9. Summarized Data of Female Case Femur Side-to-Side Cartilage Structure Differences 
represented by area with difference below the 95% CI of control knees (lower area [mm2]), 
volume with difference below the  95% CI of control knees (lower volume [mm3]), area with 
difference above the 95% CI of control knees (upper area [mm2]), volume with difference above 
the 95% CI of control knees (upper volume [mm3]), total area outside of the 95% CI (total area 
















Subject ID Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
I-01 421 -147.000 212 136.000 633 283.000
I-03 244 -57.000 238 91.000 482 148.000
I-07 595 -240.000 104 75.000 699 315.000
I-12 109 -33.000 736 417.000 845 450.000
I-15 223 -85.000 607 392.000 830 477.000
I-21 303 -114.000 352 164.000 655 278.000
I-24 509 -178.000 99 59.000 608 237.000
I-25 1067 -578.000 24 15.000 1091 593.000
I-26 390 -165.000 198 125.000 588 290.000
I-28 134 -17.000 381 192.000 515 209.000
I-32 698 -316.000 74 55.000 772 371.000
I-34 173 -45.000 210 79.000 383 124.000
I-37 449 -220.000 426 219.000 875 438.000
Mean 409 -169.000 282 155.000 690 324.000
Standard Deviation 267 152.000 212 125.000 190 137.000
Figure 7. Mean Side-to-Side Difference of Cartilage Thickness for Female Control Femurs. 












Figure 8. Mean Side-to-Side Difference of Cartilage Thickness for Female Case Femurs. Legend 
bar presents data with units of mm.  
 
Table 10. Calculated p values and Case to Control Ratios for Male and Female Femurs for 
subsections of analysis: area of difference below the 95% CI (lower area [mm2]), total volume of 
difference below the  95% CI (lower volume [mm3]), area of difference above the 95% CI (upper 
area [mm2]), total volume of difference above the 95% CI (upper volume [mm3]), total area 
outside of the 95% CI (tot area [mm2]), and total absolute difference of cartilage thickness (tot 
abs diff [mm3]). 
 
 
Lower Area Lower Volume Upper Area Upper Volume Total Area Total Volume
Males
Non Paired T Test, 2 tailed with unequal variance 0.28 0.65 0.71 0.2 0.64 0.48
Ratio of Case over Control 0.67 0.85 1.17 1.77 0.88 1.200
Females
Non Paired T Test, 2 tailed with unequal variance 0.12 0.19 0.51 0.22 0.05 0.03
Ratio of Case over Control 1.95 2.05 1.46 1.98 1.71 2.010
Figure 6. Mean Side-to-Side Cartilage Thickness Difference Values for Femurs of Case Males, 
Control Males, Case Females, and Control Females. Bars shown represent the mean magnitude 
of difference for areas (mm2) and volume (mm2) represented by the values of the y axis, and 
standard deviations represented by the error bars for each value. 
 
Strength Differences Between Limbs: Controls and Cases 
Thigh muscle strength was measured at three different speeds on a Biodex isokinetic 
machine. Both extension and flexion were measured and analyzed to determine their relationship 
with articular cartilage differences (area and volume) in the patellofemoral joint as well as 
analyzed to determine if there were deficits of the injured leg of the case subjects. Strength 
differences were measured as injured-uninjured knee and as such, negative values demonstrate a 
deficit in the indicated knee. At 60 degrees/second, the mean strength difference of the control 
subjects is 1.7 N∙m/kg (range -40.3-62.6 N∙m/kg) whereas the mean difference of the case 
subjects measured -17.8 N∙m/kg (range -91.9-39.2 N∙m/kg). This trend of case subjects having 
larger strength deficits continues at different speeds as well as with flexion strength, however it 
is seen more drastically with extension strength differences. Table 11 contains values for control 
subjects and Table 12 contains values for case subjects. Flexion strength differences at 60 
degrees/second are the only measurement that presented the opposite results: control subjects 
demonstrating a greater mean deficit for the matched injured knee than case subjects. The control 
subjects’ mean strength difference is -10.8 N∙m/kg (range -96.4-31.6 N∙m/kg). The case subject’s 
mean flexion strength difference at 60 degrees/second is -6.4 N∙m/kg (range -60.7-23.3 N∙m/kg). 
Despite these values, the overall trend remained that the case subjects have larger injured minus 
uninjured strength deficits than the control subjects. Non-paired, two tailed t-tests looking at the 
difference of case and control injured-uninjured strength differences demonstrate that there is a 
significant difference in these values for extension strength when measured at 180 and 300 
deg/sec. The ratio of differences of case to control’s value is 12.4  for extension strength at 60 

























































































C-02 0 0.9 -3.100 -4.2 -9.700 -4.1 -7.300
C-03 0 -13.7 -23.900 -11.4 -21.700 -6.4 -32.200
C-04 1 -12.1 -6.100 11.4 1.500 4.7 0.500
C-05 0 -24.4 -15.200 -4.3 -8.800 5.8 -14.400
C-08 1 29.5 11.200 15.9 11.200 -4 2.500
C-10 1 -19.6 -96.400 -30.7 -8.200 -12.8 6.400
C-11 0 18.7 20.600 1.4 14.000 4.1 12.100
C-12 0 -7.5 -25.600 2.3 -12.400 7.1 -14.500
C-15 1 20.7 -37.300 3.500 1.900 -0.400 8.600
C-17 1 -40.3 -28.200 -15.400 -2.700 1.500 6.200
C-18 1 -28 15.200 -15.900 6.600 20.400 1.300
C-19 1 62.6 31.600 12.800 7.600 2.200 5.700
C-20 1 0.7 -5.100 -5.800 -8.700 7.200 -1.600
C-21 0 19.2 -2.100 13.600 3.700 5.600 0.300
C-22 0 18.5 3.100 11.600 8.500 -6.900 -24.700
Mean 1.7 -10.8 -1 -1.1 1.6 -3.4
Table 12. Injured-Uninjured Strength Differences for Case Subjects Labeled by Sex (0=females, 
1=males)ii 
 





































































I-00 1 -2.2 -0.7 -15.5 -11.3 -19.5 -14.1
I-01 0 39.2 23.3 25.4 8.5 11.2 -2.3
I-02 1 -54.6 -60.7 -20.4 -44.4 -15.5 -38.8
I-05 1 -27.5 3.800 -27.6 -1.200 -5.5 -3.600
I-06 1 -30.2 -2.700 -0.9 -7.900 6.2 -4.200
I-07 0 10.5 5.900 -3.1 7.500 -19.5 2.000
I-12 0 20.3 12.500 0.2 11.000 -0.6 3.800
I-14 1 -3.6 -11.500 6.2 -4.400 2.2 -20.500
I-15 0 -12.5 12.700 -20.2 -2.300 -16.1 -12.100
I-19 1 -13.6 -4.600 -16.6 3.500 -2.8 -1.400
I-21 0 0.6 5.200 -8.6 -2.800 9.2 2.200
I-24 0 -47.3 -17.700 -30.6 -12.600 -31 -12.600
I-25 0 -29.1 -24.200 -19.3 4.200 -20.4 -3.500
I-27 1 -91.9 12.100 -38.6 2.100 -19.9 5.300
I-28 0 -3.2 -17.700 -18.8 -5.600 -12.5 -10.600
I-30 1 5.1 6.900 14 12.400 4.1 8.900
I-31 1 -7.1 -2.800 -30 -10.300 -60 -4.000
I-32 0 -45.7 -14.400 -8.5 -6.700 -19.1 -14.800
I-34 0 -44.7 -47.600 -26 -19.300 -21 -20.300



















Non Paired T Test, 2 tailed with unequal variance 0.06 0.64 0.03 0.45 0.01 0.35
Ratio of Case over Control -10.57 0.6 12.41 3.65 -7.58 2.17
Relationship Between Cartilage Structure Differences and Strength Measurements 
 Correlations between cartilage thickness differences and strength measurements were 
calculated in order to determine the relationship between these two measurements. There are not 
many significant correlations however, there are more significant correlations within the patella 
data in comparison to the femur data. In the patella, there is a significant (p<0.05) indirect 
correlation between the low area of cartilage difference and extension strength at 60 
degrees/second with an r2 value of 0.58 and a p value of the slope of 0.03 as seen in Figure 7. 
The female control patellas have multiple significant correlations. The low area of cartilage 
difference has a direct relationship with extension strength at 60 degrees/second (r2: 0.82, p: 
0.01) as seen in Figure 8. The low area of difference also has a direct relationship with flexion 
strength at 60 degrees/second (r2: 0.70, p: 0.02) for the female control patellas (Figure 9). The 
lower volume of cartilage difference has a significant indirect relationship with extension 
strength at 60 degrees/second (r2: 0.68, p: 0.02) (Figure 10), and the upper area of cartilage 
differences has an indirect relationship with extensions strength at 60 degrees/second with an r2 
value of 0.60 and a p value of 0.04 (Figure 11). For the femurs, there are only two significant 
relationships. The upper area of cartilage differences for male control femurs has a significant 
indirect relationship with extension strength at 180 degrees/second (r2: 0.99, p: 0.01) and the 
total volume for cartilage thickness has an indirect relationship with extensions strength at 300 




Figure 7. Relationship Between Lower Area of Control Male Patellas and Extension Strength at 
60 degrees/second 
 
Figure 8. Relationship Between Lower Area of Control Female Patellas and Extension Strength 








Figure 9. Relationship Between Lower Area of Control Female Patellas and Flexion Strength at 
60 degrees/second 
 
Figure 10. Relationship Between Lower Volume of Control Female Patellas and Extension 






Figure 11. Relationship Between Upper Area of Control Female Patellas and Extension Strength 





















Overall, relationships between articular cartilage structure and knee strength were not 
found. While there were isolated findings of significant correlations associated with some 
comparisons, there was not a consistent relationship between these two variables. Significant 
findings were present however, in other aspects of the study. Differences in cartilage structure 
(area, and volume) between limbs were present in ACLR subjects at the 4 year follow-up and not 
in the control subjects. Further, there were significant area and volume differences for the female 
subjects compared to the female controls particularly the lower area, lower volume, upper area, 
and upper volume of the patellas as well as the total area and total volume of the femurs. These 
findings indicated that female case subjects had larger differences in patella cartilage between 
their injured and uninjured limbs for area below the 95% CI, volume below the 95% CI and area 
and volume above the 95% CI in comparison to the female control subjects. Female cases also 
had a larger difference of injured to uninjured limb of total area and total volume of articular 
cartilage of the femur in comparison the control subjects. In contrast, significant differences were 
not found between the male ACLR subjects and control subjects which supports our approach of 
sex specific analyses of MRI data. This observation supports prior work that males and females 
do not experience the same change in articular cartilage thickness after injury and reconstruction 
of their ACL6,8,29.  
This study presents new findings on the articular cartilage structure of the patella. Since 
the tibiofemoral joint has been the subject of many research studies, we have a preliminary 
understanding of the morphological changes that occur to the articular cartilage of the femur 
after injury and rehabilitation however, due to the lack of studies focusing on the patellofemoral 
joint, there is limited knowledge surrounding the patella. The results of this study provide insight 
into what occurs to the articular cartilage of the patella following ACLR. The female patellas 
demonstrated the largest magnitude of differences in both the upper and lower areas and volumes 
for the patella. The differences for the case subjects outside of the 95% CI set by the control 
subjects were statistically significant and clinically significant indicating that females may 
experience a greater magnitude of structural changes on the patella than was previously known. 
Specifically, the results of this study demonstrate thickening in the inferior medial portion of the 
female patellas and a thinning in the superior medial portion (Figures 3 and 4). Conversely, the 
male patellas show the opposite trend of thickening in the superior lateral portion and thinning 
on the medial side of the patella (Figures 1 and 2). The thickening of the cartilage indicates 
swelling which occurs in the early stages of PTOA while the thinning points to degradation of 
the cartilage, which may occur as PTOA progress. These changes occurred in subjects that did 
not have radiographic signs of OA and did not suffer from symptoms of OA. 
The largest differences in articular cartilage thickness for the femurs were found in the 
trochlear region which is where the patella articulates, with the female subjects demonstrating 
areas of thickening whereas male subjects demonstrated thinning of the articular cartilage in 
comparison to the control subjects (Figures 5-8). These observations suggest that there may be a 
change in the biomechanics of the patellofemoral joint since the regions of the patella and femur 
with the largest differences articulate with each other. Changes in the biomechanics may place 
abnormal stress on different areas of the structures involved, in this case the articular cartilage of 
the patella and femur, and in turn this may produce an abnormal reaction. In the current study, 
these reactions appear as changes of the articular cartilage structure (area and volume) in this 
joint.  
Weightbearing radiographic measurement of the tibiofemoral joint space width that 
narrows over time is a sign of PTOA progression and has been demonstrated in previous studies 
to be related with functional outcomes28. It is difficult to measure weightbearing patellofemoral 
joint space width and consequently we used MRIs to measure articular cartilage structure about 
the patellofemoral joint. In the normal knee, the maximum patella and femoral articular cartilage 
thickness ranges between 3 and 5mm. Thus, the maximum thickness differences that we 
observed about the patellofemoral joint 4 years post ACLR were of 0.5mm and represents a 
substantial proportion of the thickness of normal cartilage (e.g. a 0.5mm decrease of cartilage 
thickness from 3 to 2.5mm creates a 16% change that is of obvious clinical significance as well 
as significant from a measurement perspective). In an effort to appreciate the relative magnitude 
of difference of the articular cartilage structure, the differences observed in the case subjects 
were compared to the differences in the control subjects. For the male case patellas, the color 
plots illustrate a difference in area above the 95% CI (thickening) between the controls and case 
subjects (Figure 2). However, there is little relative change in total area and volume. For the male 
control patellas, the upper area of difference was 233mm2 and the upper volume was 105mm3 
whereas the case subjects had similar values of 267 mm2 and 159 mm3, respectively. These 
differences between the cases and controls are not significant from the perspective of 
measurement accuracy and are probably not meaningful from a clinical perspective. In contrast, 
for the female patellas, the control participants had a mean upper area difference value of 244 
mm2 and upper volume of 99 mm3, and the case participants had substantially larger values of 
414 mm2 and 200 mm3, correspondingly. Both comparisons are significant from measurement 
accuracy and clinical perspectives. For the male control femurs, the mean total area was 868 
mm2 and total volume was 346 mm3. Likewise, the male case femurs had a difference in 
cartilage structure that was very similar to the controls: 766 mm2 for total area and 414 mm3 for 
total volume, correspondingly. The female femur case participants demonstrated a more 
significant difference compared to the controls for these values. For total area, the female control 
subject’s mean was 404 mm2 compared to the case subject’s 690 mm2 and for the total volume 
difference of the control subject’s mean was 161 mm3 as compared to the case subject’s 324 
mm3. These changes in structure are significant from both a clinical and measurement accuracy 
perspective. 
 The importance of analyzing the data from each sex separately is clear when examining 
the color plots of the mean cartilage thickness differences of patella and femur. For example, the 
areas of increased thickness for the female case patellas occur in the inferior medial region 
whereas the largest area of thickening for the male case patellas occurs in the superior lateral 
region (Figures 2 and 4). The same trend is apparent for the control patellas as well as both the 
case and control femurs. The different patterns and locations of change in area and volume 
between males and females indicate each sex responds to the ACL injury in a different manner 
and that that sex specific analysis is necessary.  
Although we found what seemed like similar patterns of cartilage structure differences 
between males and females, these values were only significant for the females. It is also 
important to note the limit of accuracy associated with cartilage structure measurements. The 
manual segmentation cannot be accurate to more than half a MRI voxel. The MRI slice 
separation was 1.2mm and this created a voxel size of 0.3x0.3x1.2mm, or 0.108mm3. Within 
plane resolution is 0.3x0.3mm, or 0.09mm2. Within the plane of the MRI we can only examine 
cartilage thickness up to half a voxel which is valued as 0.15x0.15x1.2=0.027mm3. Through 
intratester reliability, we found ICC values ranging from 0.831-0.995. In addition, it may be 
important to understand repeatability in terms of the magnitude of cartilage area and volume 
between measurement sessions both within and between examiners. 
 When comparing the injured-uninjured strength differences to the articular cartilage 
structure differences, significant correlations were found for primarily female control subjects. 
There were no significant relationships of individuals who suffered an ACL injury and 
underwent reconstruction. This was not expected as patellofemoral osteoarthritis, which includes 
articular cartilage thickness difference as a hallmark indicator, has been shown to be a predictor 
of outcomes years post ACLR. Culvenor et al demonstrated that patellofemoral OA was one of 
two predictors of the KOOS outcome measurement7. Furthermore, some of the relationships that 
demonstrated significance had to be dismissed as the sample size that created the relationship 
was not large enough to be considered clinically significant. The significant relationships were 
seen mainly in the female controls with one significant relationship involving the male control 
subjects. All of the significant relationships between differences in cartilage thickness of the 
patella and strength were measured at 60 degree/second. This absence of a relationship between 
articular cartilage structure differences and strength is a direct conflict with the findings of 
Tourville et al28. These findings may be due to an insufficient sample size or a difference in 
imaging technique. 
 When analyzing the strength data alone, we are able to support the current findings that 
there are significant differences between case and control subjects. Tourville et al demonstrated 
that individuals who had an ACLR demonstrated decreased extension strength at a four year 
follow up in comparison to control subjects when measured at 60 and 180 degree/second28. A 
study by Jarvela et al also points to strength deficits of up to 26% in ACLR participants15. These 
strength deficits occur mainly with the extensors and not the flexors in individuals with anything 
less than severe osteoarthritis15. There was a significant difference in side-to-side strength 
differences for case subjects as compared to control subjects for extension strength when 
measured at 180 and 300 degree/second for males and females combined. This suggests that the 
strength of the involved limb of the case subjects is decreased in comparison to the uninvolved 
limb at a four year follow up. This may cause a limitation in daily as well as recreational 
function as well as complications later on in life due to compensations made because of these 
deficits. 
One of the biggest limitations associated with this study is the sample size. Due to the 
nature of secondary analyses, the number of both case and control subjects’ data available for 
analysis was limited. The sample size from the original study was further reduced as not all 
participants had MRIs and/or isokinetic strength data available. This limitation affected the 
analysis of both the male and female control femur data points as there were only three 
participants in each group. A second limitation of this study was the use of separate individuals 
to manually segment the patella and femur MRIs. Having different individuals segment the 
patella and the femur introduces the possibility of examiner variation. While the interrater 
reliability was tested for segmentation of the patella, it is not possible to compare the reliability 
between the patella and femur segmentations. The ages of the study participants may also be 
considered a limitation of this study. ACL injuries tend to occur in younger individuals as do the 
associated limitations since many are related to physical activity. The mean age of the 
participants of this study is approximately 39 years (range 26.03-65.68 years) which is older than 
the mean age of individuals who have the highest incidence rate of ACL injures. PTOA is a 
pertinent topic especially to those who sustain an ACL injury earlier in life as it causes 
limitations early on when activity levels are high and not naturally decreasing with age. There is 
some evidence that younger individuals demonstrate increased articular cartilage thickness 
change over older individuals however, older individuals are 5-6 times more likely to show signs 
of osteoarthritis following ACLR, so it is important to have a wide range of ages in the sample 
population6,8. 
 A strength of this study is the use of MRIs to measure cartilage structure. MRIs provide a 
3D assessment of cartilage. Further, the MRIs allow for analysis of the entire surfaces of the 
patella and femur and this is not possible with plane radiographs. In this analysis, we found 
significant differences in the case subjects versus control subjects’ overall side-to-side cartilage 
thickness differences. This study also focused on the patellofemoral joint which is 
underrepresented in the literature, particularly regarding articular cartilage thickness differences 
post knee injury and rehabilitation. Further, the study provides the framework for further studies 
looking at the changes that this particular joint undergoes in the time after injury and surgical 
intervention. While there were many limitations associated with this study, it provided a cross-
sectional insight into the side-to-side articular cartilage thickness differences of the 
patellofemoral joint as well as data looking at differences in strength for case and control 
subjects at a 3-4 year follow up time point. 
 This study was cross sectional in design which provided valuable information regarding 
side-to-side differences in both articular cartilage thickness and strength measurements at one 
point in time. A longitudinal study design was not possible due to a lack of baseline MRIs for the 
control subjects. However, a longitudinal design would allow the temporal change to be 
understood. Studies looking at the tibiofemoral joint and articular cartilage thickness changes 
have noted that specific regions tend to change at different follow up timepoints as well as have 
different strengths of relationships with functional measurements. Further analysis focused on 
the patellofemoral joint that explores articular cartilage thickness changes and differences in 
separate regions as well as any relationship to strength deficits may provide insight as to the 
effects of biomechanical changes, gait disturbances, and other factors post ACLR.  
 Although the original hypothesis that there would be a relationship between side-to-side 
articular cartilage thickness differences and strength differences was not supported, this study 
provided insight into the injured to uninjured knee differences in cartilage thickness, areas, and 
volumes as well as the locations of the regions that changed about the patella and femur 
following ACLR. Further, it showed that the pattern of change is different for males in 
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